Biomembranes are built upon a lipid bimolecular ' matrix and intrinsic membrane enzymes can penetrate partially or totally span this bilayer, e.g. the cytochrome oxidase (Frey et al., 1978) . Protein-lipid interactions are therefore important for such enzymes, determining their organization and their function (Gennis & Jonas, 1977; Sandermann, 1978; Chapman et al., 1979) .
In recent years an increasing interest has grown in understanding the influence of lipids upon membrane enzymes. Various speculations have been put forward concerning the perturbation of the lipid by the protein. For the Ca2+-dependent ATPase from sarcoplasmic reticulum it was argued that this protein does not perturb the lipids beyond the first shell, the lipid annulus, around it (Hesketh el al., 1976) . This supposed tightly bound lipid shell was said to control enzymic activity. Recent deuterium magnetic-resonance studies (Rice et al., 1979) d o not show the existence of two types of lipid within a time scale of lO-' s. This time taken as upper limit for the residence time of lipid molecules adjacent to the protein is considerably shorter than the turnover time for this enzyme.
These recent studies therefore do not support the concept of a long-lived lipid annulus controlling enzyme activity. Effects of lipid phase transitions have also been studied. Effects due to the presence of cholesterol (Warren et al., 1975) and the role of the unsaturated lipids have been speculated upon. In this review lecture we examine these factors and attempt to critically assess the present situation.
Non-spec@ lipid factors
In addition to the possibility of specific binding of a lipid to a protein either by polar-group interaction or lipid-chain binding, there are also non-specific factors which require consideration. These factors arise from the fact that biomembranes are built upon a lipid matrix and that this matrix possesses a particular architecture of certain dimensions. The architecture of the lipid matrix is a bimolecular sheet of a particular fluidity but with relatively ordered lipid chains which exist within an aqueous environment. The polar groups of the lipid are in the water and are associated with some ordered water.
These features can be seen to be important when we appreciate that an 'intrinsic' membrane enzyme will possess a hydrophobic polypeptide segment tailored to fit the lipid-bilayer thickness, e.g. glycophorin (Segrest et al., 1973) . Hence a variation of the lipid-bilayer thickness could in principle modulate enzyme function. Recently there have been suggestions that anaesthetic molecules can affect the thickness of lipid bilayers and that this might be a key to their anaesthetic action (Haydon el al., 1977) .
The hydrophobic-hydrophilic effect which underlies the formation of the lipid bilayer is also of considerable importance for membrane enzyme structure and function. This can be illustrated by the studies of Dean & Tanford (1978) . They showed that the phospholipid associated with the sarcoplasmic reticulum Ca2+-dependent ATPase could be completely substituted with other amphiphiles such as detergents without loss of enzyme activity. Moreover a discontinuity in the Arrhenius plot for enzymic activity was reproduced when the enzyme was in detergent although this break had previously been associated with phospholipid bilayer structure (Lee et al., 1974). It is apparent that in many cases an appropriate hydrophobichydrophilic environment is sufficient for enzyme activity (Burchell & Hallinan, 1978) .
Specific lipid factors (a) Lipid class factor.
An example of what seems to be a specific lipid-class factor is that of the enzyme o-p-hydroxybutyrate dehydrogenase (Fleischer el al., 1979) . Here there is considerable evidence for a specificity for phosphatidylcholine molecules. This enzyme has an absolute requirement for phosphatidylcholine for enzymic activity (Gazzotti et al., 1974) . A recent study has mapped out in considerable detail the specific requirements for this enzyme (Isaacson el al., 1979) . The apodehydrogenase is activated by phosphatidylcholine molecules and their analogues which contain a phosphocholine moiety. The hydrophobic part of the structure is necessary but does not exhibit specificity for the enzyme. There is, however, considerable specificity for the choline moiety. The quaternary ammonium group seems to be essential. The polar region can be varied within limits of steric and structural constraints, e.g. a decreased separation of the phosphoryl and quaternary ammonium groups prevents activation of the enzyme. The distance separating the charged groups is not, however, a critical factor. This example where chemical modification and synthesized analogues have been examined is the best documented one at present (Isaacson et al., 1979) .
(b) Unsaturation of lipid chains. The advent of gas-liquid chromatography showing the detailed variation of lipid chain length and unsaturation led to many speculations concerning the interaction of these chains with membrane proteins. Reversible lipid titrations of Ca2+-dependent ATPase lipid recombinants with dioleoyl phosphatidylcholine, dipalmitoyl phosphatidylcholine and dimyristoyl phosphatidylcholine showed (Warren el al., 1974) that at constant temperature (37OC) the enzymic 585th MEETING, GUILDFORD activity decreased by exchanging dipalmitoyl phosphatidylcholine for dioleoyl phosphatidylcholine and vice versa. The effect was more pronounced when dimyristoyl phosphatidylcholine was exchanged for dioleoyl phosphatidylcholine. It is not possible from this, however, to decide whether enzymic activity was modulated directly by unsaturation or indirectly by lipid fluidity change. This is because to make such a conclusion it would be necessary to examine the enzyme at equivalent temperatures to match the equivalent fluidity characteristics. The considerable unsaturation in excitable membranes is a clear example where a match of protein structure and lipid-chain structure might occur. It is of interest to examine rhodopsin from the retinal disc membrane where it was shown that a high proportion of lipid is highly unsaturated (Poincelot & Abrahamson, 1970) . In a recent study in which rhodopsin was recombined with a variety of lipids it was shown that although lipid fluidity is necessary for recombinant functionality, i.e. metarhodopsin 1-11 transition, it may not be sufficient (O'Brien et al., 1977) . A specific phospholipid headgroup was shown not to be required, whereas unsaturation in the phospholipid hydrocarbon chain in addition to membrane fluidity, i.e. above the phase transition temperature of the respective lipid, is a necessary condition for photochemical functionality of rhodopsin-lipid recombinants.
Physical mod@cation of the lbids (a) Temperature. When we consider temperature as a factor in the modulation of enzyme function we can consider two major eRects. These are (i) a general increase or alternatively decrease in lipid fluidity and (ii) the occurrence of a lipid phase transition from fluid to crystalline and vice versa (Chapman, 1975) . A number of examples occur in the literature which illustrate the influence of variations in membrane lipid fluidity on enzyme function (Sandermann, 1978) . A recent example of this has been shown in studies of the Ca2+-dependent ATPase in the sarcoplasmic-reticulum membranes (Hoffmann et al., 1979) .
The Arrhenius plot for enzymic activity displays a break at about 15OC for this enzyme. This had previously been described due to a phase change in the lipid system (Inesi et al., 1973; Madeira et al., 1974). However, it was shown that the break is more probably caused by a protein conformeric change occurring at this temperature (Kirino et al., 1977; Dean & Tanford, 1978) . Our protein rotational-diffusion measurements (Hoffmann et al., 1979) suggest that in a certain temperature range the enzymic activity is rate limited by rotational motion of the enzyme or lipid fluidity or both. In Fig. 1 the temperature dependence for rotational diffusion of the Ca2+-dependent ATPase is shown in an Arrhenius plot. Up to about 15OC the data points can be fitted to a straight line with an activation energy of about 147 kJ/mol. This coincides with the activation energy measured for enzymic activity in this temperature range (Inesi et al., 1973; Hoffmann el al., 1979) . The temperature dependence for rotational motion at higher temperatures than 15 OC was explained by a temperature-dependent equilibrium between the conformationally altered Ca2+-dependent ATPase and oligomeric structures of it up to temperatures of about 35OC. It should be noted that for temperatures higher than about 15OC the activation energy for enzymic activity and rotational motion is no longer the same. This indicates that depending on the conformation of the protein enzymic activity might be determined by rotational mobility and/or lipid fluidity (Hoffmann et al., 1979) .
Effects of lipid phase transitions on enzyme activity have been frequently noted and we refer only to a few of these (Kimelberg & Papahadjopoulos, 1974 main transition temperature of the pure lipid. Instead, this temperature was found to be some degrees lower. The Ca2+-dependent ATPase/dipalmitoyl phosphatidylcholine recombinant system shows a significant increase in enzymic activity at a temperature of about 3OoC (Hesketh et al., 1976 ; W . Hoffmann et al., unpublished work). For comparison, the T, main transition temperature for pure dipalmitoyl phosphatidylcholine is 41OC. A similar result was found for the (Na+K+)-dependent ATPase reconstituted with dipalmitoyl phosphatidylglycerol and distearoyl phosphatidylglycerol (Kimelberg & Papahadjopoulos, 1974) .
One interpretation for the ATPase/dipalmitoyl phosphatidylcholine recombinant system was that this was due to the presence of 30 lipid molecules tightly held to the protein and referred to as a lipid annulus. This annulus was said to control the enzyme activity and to melt at 3OoC (Hesketh et al., 1976) . A different interpretation has been presented (Hoffmann et al., unpublished work) which associates the break at around 30°C in the Arrhenius plot for enzymic activity with the melting of patches high in protein content. These patches are formed below the phase transition temperature of the pure lipid due to the occurrence of packing faults and the exclusion of the proteins as far as is possible from the crystallizing lipid. The significant increase of enzymic activity at around 3OoC is reflected by the onset of protein rotational diffusion and start of lipid melting as seen by differential scanning calorimetry, fluorescence and Xray measurements . The onset of protein rotational diffusion is illustrated in the Arrhenius plot of Fig. 2 . In this case the ATPase is labelled with eosin-isothiocyanate and is reconstituted in dipalmitoyl phosphatidylcholine lipid. The X-ray results indicate that a portion of the hexa- gonally packed lipid (giving a sharp 0.42nm spacing) melts at around 3OOC. This result is inconsistent with the previous concept that the transition at 3OoC is due to an annulus melting process (Hesketh et al., 1976) , but is in accord with our interpretation of melting of high protein-to-lipid patches.
(b) Pressure. Thermodynamically equivalent to temperature is the variable pressure. In a recent study (de Smedt Br Borghgraef, 1979) with the (Na+ K+)-dependent ATPase it has been shown that at constant temperature there is a decrease in enzymic activity with increasing pressure. However, further measurements have to be done to show whether the enzymic activity change due to pressure is given by the modulation of the lipid or more directly by the influence of the pressure on the intrinsic protein.
Effects due to cholesterol
The insertion of cholesterol into membranes and the change this causes upon the function of enzymes has attracted much attention. For the Ca2+-dependent ATPase it was claimed that, provided there are more than 30 lipid molecules per ATPase present, the enzyme activity was not affected by cholesterol (Warren et al., 1975) . However, it has been shown recently that incorporation of cholesterol into native sarcoplasmic reticulum modulates the enzyme activity proportional to the amount of cholesterol present in this .membrane (Madden et al., 1979) . This effect is probably associated with a general reduction of fluidity within the bilayer matrix (caused by incorporation of cholesterol), thereby reducing the protein rotational diffusion. This hypothesis is being examined experimentally by flash photolysis studies in our laboratory.
